Quaternary stratigraphy and geomorphology were investigated by using aerial photo interpretation, digital elevation models and stratigraphical studies in southern Finnish Lapland. The development of glacial morphology was examined by reconstructing glacial flow patterns and subglacial conditions with emphasis on glacial dynamics. By comparing the climate history and available chronological data the ice-sheet development during the Weichselian was modelled in the area. Also, the Quaternary lithostratigraphy with descriptions, formal names and type sections of the Peräpohja Group was proposed. Glacial morphology with clear indication of glacial flow directions represents two Weichselian glacial advances in the area of southern Finnish Lapland. The older, northwest-southeast oriented glacial movement was seen as a drumlin field and was preserved under a later cold-based ice sheet. A west-east oriented landform assemblage of ribbed moraines, drumlins and flutings mainly indicated the younger glacial phase. Of the age of ice sheet development during the Weichselian two alternative interpretations have been presented: In the first model, the first glacial advance occurred during the Early Weichselian and was followed by interstadial about 85-74 ka ago. The Middle and Late Weichselian glaciation was continuously covering southern Finnish Lapland after that. The second model includes a new interpretation, in which the first glacial advance that reached the area is connected to the beginning of the Middle Weichselian. Ice-free interstadial occurred about 50-30 ka ago before the Late Weichselian glacial advance, when the Weichselian maximum was reached.
Introduction
The area of Peräpohjola, in southern Finnish Lapland is situated in the centre of areas glaciated during the Weichselian age (Fig. 1) . Core areas of the Fennoscandian glaciers repeatedly existed in the Norwegian and Swedish mountain area. In the eastern sector, the ice margin proceeded as far as the northwest Russian Plain during the Late Weichselian Maximum (LGM, . Before that, several glacial phases were developed during the Early (117-75 ka) and Middle (75-25 ka) Weichselian, but not in such a large volume (cf. Svendsen et al., 2004) . At the same time, large ice sheets with variable dimensions also existed in northern Russia and North America.
Glaciated areas can be distinguished studying the geomorphology composed of depositional and erosional formations during several glaciations. Subglacial conditions with glacial dynamics are factors that have an influence on active ice, subglacial bedform generation and the preservation of earlier morphology (e.g. Bouchard, 1989; Menzies & Shilts, 1996; Clark, 1999; Evans & Rea, 1999; Hart, 1999) . In suitable subglacial conditions, for example under active ice lobes, the landform associations of drumlins, flutings and ribbed moraines can be developed (e.g. Aario, 1977a; Lundqvist, 1969 Lundqvist, , 1989 . Instead, when the ice sheet has its' largest extent, the core area remains cold-based, which helps preserve older glacial morphology (Kleman, 1994; Kleman & Borgström, 1996) . In many research papers (e.g. Kurimo, 1974 Kurimo, , 1982 Sutinen, 1992; Kleman & Borgström, 1996; Clark, 1997; Hättestrand, 1997; Punkari, 1997; Boulton et al., 2001; Kleman et al., 2001 ), glacial Perttunen et al. (1997) . Topographic features © National Land Survey of Finland, permission number 54/LA/05. landforms and their relation to certain depositional conditions were used to reconstruct ice sheets dynamics in the Northern Hemisphere.
Glacial flow patterns based on till fabrics and striae, together with till stratigraphy were used to reconstruct ice sheet development during the former glaciations. By correlating microfossil spectra of the inter-till layers the glacial chronology was created. The works of Kujansuu (1967) , Aario & Forsström (1979) , Hirvas (1991) and Nenonen (1995) are good examples of regional glacial geological investigations in Finland. Aario (1977a Aario ( , 1990 has also put forward a classification of glacial landforms and their associations in northern Finland. But, a lack of reliable dating methods for interglacial or interstadial deposits has been problematic when studying earlier Weichselian stages. In Finland, dating is mainly based on radiocarbon dates and climate indications from microfossil content (cf. Hirvas & Nenonen, 1987; Hirvas, 1991; Nenonen, 1995; Saarnisto & Salonen, 1995) , although the use of radiocarbon dating is limited to organic material younger than 45-50 ka. When suitable clastic, sorted sediments occur, thermoluminescence (TL) and optically stimulated luminescence (OSL) methods are useful for dating. These methods have also been used in Finland but concentrated mainly in southern and central areas (cf. Jungner, 1987; Niemelä & Jugner, 1991; Hütt et al., 1993; Nenonen, 1995) . Some radiocarbon (Korpela, 1969; Kujansuu, 1975; Siivonen, 1975; Mäkinen, 1979; Hirvas, 1991; Sutinen 1992) or TL and OSL (Punning & Raukas, 1983; Hütt et al., 1984; Mäkinen, 1999) dates have also been published from the southern Finnish Lapland area.
The first investigations of Quaternary geology dated back to the beginning of the 1900's in northern Finland. For example, the works by Rosberg (1908) and Tanner (1915 Tanner ( , 1930 were pioneer studies of geomorphology and stratigraphy in the area, describing different till units and esker systems. Tanner (1938) was also the first suggesting an ice-free stage during the Weichselian glaciation.
During the 1950's and 1960's, several studies on till stratigraphy were carried out in northern Finnish Lapland (e.g. Penttilä, 1963; Kujansuu, 1967) . Deep sections were in use in the Peräpohjola area when the excavations for the construction of hydroelectric power plants were done in the Kemijoki basin. In these sections Korpela (1969) found organic deposits and sorted minerogenic sediments in between two till beds. Based on the Betula dominant microfossil content and 14 C age estimates, clustering around 40-50 ka ago, Korpela (1969) introduced the presence of an ice-free but quite cold substage known as the Peräpohjola Interstadial. This warmer stage was later correlated with the Brørup Interstadial in studies by for example Donner et al. (1986) , Hirvas & Nenonen (1987) and Hirvas (1991) .
A comprehensive program of stratigraphical studies was carried out in the 1970's over northern Finland (Kujansuu, 1976; Hirvas, 1991) , covering Finnish Lapland down to Rovaniemi in the south. Hirvas (1991) presented six glacial flow stages suggested to represent different glacial phases. Of these, only three phases were present in the stratigraphic record of southern Finnish Lapland (Hirvas, 1991; Sutinen, 1992) and the number of stadials and interstadials is still debatable. One researcher group suggests that only one Weichselian glacial advance existed, which covered most of Fennoscandia from the end of Eemian interglacial to the end of Late Weichselian deglaciation (e.g. Aario & Forsström, 1979; Punkari, 1984; Forsström, 1991 Forsström, , 1995 Punkari & Forsström, 1995) . This interpretation also presumes that all organic inter-till beds are redeposited interglacial deposits, and that ice-free periods have not existed during the last glaciation. The second group presents that two glacial advances occurred during the Weichselian (e.g. Hirvas, 1991; Nenonen et al., 1991; Sutinen, 1992; Iisalo, 1992 Iisalo, , 2003 Nenonen, 1995) , divided by the Peräpohjola Interstadial. Furthermore, as a result of the latest investigations, it has been proposed three separate glaciations during the Weichselian in eastern Fennoscandia (Mangerud, 1991; Helmens et al., 2000; Svendsen et al., 2004) .
The area investigated ( Fig. 1) includes seven detailed study areas. The first aim of the work was to study the characteristics of till and glacial morpholo-gy and to compile glacial stratigraphy of the Weichselian glaciations/deglaciations in the area. Secondly, the results from the area have been used as a reference for the regional geomorphology in the southern Finnish Lapland area where the glacial history and dynamics have been reconstructed. The Quaternary lithostratigraphy with descriptions, formal names and type sections has been proposed. The stratigraphy of the Weichselian glacial deposits is also discussed.
Bedrock and its relief
The bedrock of the study area belongs mainly to the Paleoproterotzoic Peräpohja Schist Belt (Fig. 1) , situated between the Archean Pudasjärvi Granite Gneiss Complex in the south and the Paleoproterotzoic Central Lapland Granitoid Complex in the north. At the southern boundary, a chain of layered mafic intrusions exists.
The Peräpohja Schist Belt is composed of metasedimentary rocks and several volcanic formations (Perttunen, 1989 (Perttunen, , 1991 Perttunen & Hanski, 2003) . The sedimentary rocks mainly consist of dolomites, mica schists, quartzites and conglomerates. Volcanic rocks include tholeiitic basalts, mafic tuffites and acid volcanic rocks. Mafic diabase dikes and sills are common, particularly in the quartzite units.
The bedrock of the Peräpohja Schist Belt has only a minor influence on the relief in large areas (Fig.  2) . In many places, structural features like schistosity and tectonic movements control the morphology. The Kemijoki River, which flows through the study area, is situated on the northwest-southeast oriented fracture structure and forms the zone of topographic minimum (63 m in the northeast and 29 m in the west above sea level (a.s.l)). The quartzites form the highest hills (e.g. Pisavaara 265 m and Vammavaara 228 m a.s.l), which clearly stand up from the surrounding area. In the southern parts, where the difference in height is about 40-50 m, the topography is steeply rising to the south when crossing the Kivalot hill chain. The granite gneisses of the Pudasjärvi Complex again form only a gently rolling relief in the south. Contrary to that, the granitoids in central Lapland form a hill and fell area with highly variable topography.
Methods
Aerial photographs and digital elevation model data have been used to identify different glacial and postglacial landforms and their distribution in the study area. Black and white 1:60 000 photographs were available for the whole study area. Four principle landform types were mapped: a) landforms indicating glacial flow direction (ribbed moraines, drumlins and flutings), b) other moraine types (non-oriented hummocks, ground and cover moraine areas) (cf. Aario, 1977a) , c) eskers and other glaciofluvial deposits and d) post-glacial shore deposits.
Detailed fieldwork, including tractor excavations, was done at seven test sites. Till structure, fabric and striae orientations, together with sampling for grain size, geochemical, heavy mineral, pebble and surficial boulder composition/roundness analyses were used to estimate glacial debris transport directions and distances and to clarify the till stratigraphy at the test sites. In places supplementary bedrock mapping was carried out to help estimate transport distances. Furthermore, all available data from earlier works was compiled, for example, striae and fabric observations done during earlier mapping and prospecting works with GIS software. All available chronological data was used to compare stratigraphical and palaeo-ice sheet evidence with emphasis on glacial morphological evolution and timetransgressive ice sheet reconstruction.
4. Glacial morphology and flow directions in the study area
Morainic landforms
Both parallel and transverse elements are present in the glacial morphology of the study area (Fig. 3) . Under the active glacial flow, the glacier eroded bedrock and also deposited morainic landforms. The erosion forms, like rock drumlins and large, streamlined hills, indicate dominant glacial flow from the west to the east. Striae observations support that interpretation, particularly in the northern part of the area. In the south, glacial flow direction from the northnorthwest or the northwest is dominant. In places, northern and western flow directions are seen in the same outcrops as cross-striae. A few observations of the crescentic trough (cf. Aario, 1977b) at the proximal, mainly western sides of the highest hills have also been done in the area.
The study area can be divided into two parts according to observed glacial activity. Active ice forms like transversal ribbed moraines are the most dominant landforms in the north (Fig. 3) . Ribbed moraines (Fig. 4) exist as uniform fields on lowland areas and are mainly composed of Rogen moraine or hummocky ribbed moraine types (cf. Hättestrand, 1997; Sarala, 2003) , but minor ribbed moraines also occur in the Sihtuuna area (cf. Aario et al., 1995 Aario et al., , 1997 . Ribbed moraines form together with drumlins and flutings as assemblages of active ice morphology (cf. Aario, 1977a Aario, , 1990 Lundqvist, 1969 Lundqvist, , 1989 (Fig. 4) . Quartzite hills or hill areas occurring transversal to the general glacial flow break the uniformity of the ribbed mo- raine-drumlin field. Southern parts of the area indicate a more passive glacial activity during the latest glacial phase. A cover moraine (cf. Aario, 1977a ) is the main landform type and it follows the bedrock surface forming gently undulating topography surrounded by mires. A partition of ground moraines increases to the south. In the southeast part of the area, drumlins occur with a northwest-southeast orientation. They are part of a large drumlin field in between the town of Kemi and the village of Ranua (Fig. 4) .
Glaciofluvial deposits
Eskers and other glaciofluvial deposits are common in the north and in the middle of the area (Fig. 3) and indicate the trends of glacial flow direction during the last stages of deglaciation. Initially, the flow was from the west in the eastern part of the study area. As the margin retreated, the glacial flow direction changed to west-northwest (280°-290°). The trend was also supported by fabrics in till and indicates the behaviour of ice lobes during the last deglaciation.
The esker chain at the northern side of the Kivalot (hill chain) deviates from the general glacial flow direction (Fig 5) . The hill chain directed meltwaters to flow in proximal contact with the hill chain and thus the uniform, east-west oriented esker chain turned to the northeast at the eastern side of the study area. Farther to the east, the esker chain reached the Kemijoki basin (Fig. 5) . During that time, the modern Kemijoki basin worked as a meltwater channel toward the east and southeast. It was not until the water level of the early Baltic Sea (Litorina Sea) decreased to a level below the centre of Rovaniemi 7 800-7 400 years before present (Saarnisto, 2005) that the modern Kemijoki River started to flow toward the southwest. In places, the west-southwest directions of striae, fabric and eskers in the middle of the study area, on the northern side of Kivalot, may be due to local glacial flow toward the east-northeast during the latest retreating stage.
Since the meltwater channel existed along the northern side of Kivalot, esker and other glaciofluvial formations are minor on the areas south to the hill chain. Only a few north-south oriented and tillcovered esker chains exist. Further to the south, esker chains seem to begin to grow once again toward to the southeast (Fig. 5) . Later, under the influence of pro-glacial Ancylus Lake, the early stage of the Baltic Sea, the ice sheet melted away forming any specified moraine formations or marginal deposits. Different directions of esker chains on the northern and southern side of Kivalot also reflect the existence of separate ice lobes with different glacial dynamics.
Marginal formations
Based on the till stratigraphy and the existence of organic inter-till layers, Mäkinen (1985) and Sutinen (1992) presented several marginal complexes older than the Late Weichselian glaciation from southern Lapland (Fig. 6 ). Tills from the last glacial advance mostly covered the complexes. Sutinen (1992) presented that the ice margin reached not farther than on the southern side of the town of Pudasjärvi from the north and is followed by a series of smaller formations closer to the ice-divide (towards the northwest) during the retreat phase. One of the marginal formations is situated in the middle of the study area (Fig. 6 ). The complex passes through Kauvonkangas near the village of Tervola and continues to the northeast. Kauvonkangas is known for Betula dominant peat layers of the Peräpohjola Interstadial within the glaciofluvial deltaic/esker complex, which exists as an inter-till deposit between two uppermost till beds in section (Mäkinen, 1979) . Radiocarbon dates have given results of about 48 ka for peat (Mäki-nen, 1979) , TL age estimations have been 74 ka and 120 ka for silts and sands beneath the peat and 55 ka for sands below the peat (Punning & Raukas, 1983) . Two OSL dates have given results of 57 +/-5 ka for silt and 66 +/-5 ka for sand beneath the peat (Mäki-nen, persunal commun. 2005) . During the latest deglaciation, the retreating phase was rapid and continuous and, together with the water body in front of the ice sheet, marginal formations were not formed (cf. Boulton et al., 2001 ). The highest shoreline of pro-glacial Ancylus Lake was at its highest about 215-219 m a.s.l.
Description of the study sites

Petäjävaara
The Petäjävaara site is situated on the eastern side of the Kemijoki River, about 30 km southwest of the centre of Rovaniemi (Fig. 7) . The main working area is along the western slope of the Petäjävaara hill, about 70-90 m a.s.l. The landscape is composed of mires and rocky outcrops near the river and Rogen moraine ridges perpendicular to the last glacial flow direction with a bouldery surface on a higher level (cf. Sarala & Rossi, 1998) . The top of the hill, which rises above 217 m a.s.l., is almost totally covered by shore deposits of the Ancylus Lake.
Two till units have been observed in the area (Fig.  8 ). The lower one ( Fig. 9 ) was deposited under glacial flow from a north-northwest direction and consists of till material transported over a long distance. The massive structure with some fissility indicates deposition subglacially, mostly as lodgement till under thick ice depositional environment. The upper till unit with western or southwestern fabrics is composed of boulders and debris transported over a short-distance indicating deposition of the subglacial ice lobe phase. Particularly, boulders and rock fragments in a surficial till unit ( Fig. 10 ) and above the ridges represent very short transportation resulting from strong glacial gouging action at the end of deposition. Glacial flow directions are also seen in the striation, where western directions are most common.
Vammavaara
Vammavaara is one of the highest hills (about 228 m a.s.l.) in the study area. The top has been in a supraaquatic position, while the highest shoreline reached about 215 m a.s.l. during the Ancylus Lake stage. The main working area is along the southern side of the hill 60-120 m a.s.l (Fig. 11 ). Ribbed moraine morphology is dominant in the middle of the site and a cover moraine and dead-ice hummocks are also present in southern parts .
The ribbed moraine ridges consist mainly of hummocky ribbed moraines and Rogen moraine types composed of three till units (Fig. 8) . The lowest unit is a dark bluish grey till with a very dense package (Fig.  12) . The overall feature is a massive structure with some fissility or fine-grained laminae occurring in the upper parts of the unit. The matrix is fine-grained sand and relatively clay-rich (7 %). Pebbles are rounded and composed of a wide variety of rock types mostly indicating long glacial transport from a north-northwest direction. The second, sandy till unit was deposited under glacial flow from the west-northwest including lenses of bluish grey till. It has mainly composed of fartravelled debris. A massive structure with some finegrained laminae and sand lenses indicates subglacial deposition, mostly as lodgement till. The upper till has a variable composition and structure. Fabric analyses showed that glacial flow was from the west to the east. Contact between the till units is sharp (Fig. 13) .
In western parts, glacial erosion was effective because a crescentic proximal trough (in Fig. 11 ) was formed (cf. Aario, 1977b) . As a result, the glacier removed surface of the bedrock. The transported material was deposited into the ribbed moraine ridges on southern side of the Vammavaara hill so that the amount of fine-grained material decreases towards the east. In the western part, an intermediate layer of till material existed consisting of weathered bedrock that was fully composed of mafic volcanic rocks deriving from the bedrock only a few hundreds of meters to the east. The proportion of local rock fragments in the uppermost till and at the surface of the ridges was still characteristic of the ribbed moraines.
Petäjäskoski and Louepalo
The Petäjäskoski (Fig. 14) and Louepalo (Fig. 15 ) sites are situated in the middle of the study area that is typical area for Rogen moraines. Both sites are on a lowland area (70-90 m a.s.l.), only a few kilometers from the Kemijoki River to the west. The bedrock is composed of mafic volcanic rocks, diabases and quartzites in the Petäjäskoski area (Perttunen & Hanski, 2003) . However, the Louepalo site is situated over dolomite bedrock. At both test sites, the till unit observed in the test pits is composed of sandy matrix with western till fabrics and a short transport distance for the rock fragments (Fig. 8) .
Kivimaa
The glacial morphology at the Kivimaa site is commonly composed of only one meter or less thick till cover, although in depressions and mires the thickness can be several meters. The topography of the Kivimaa hill is gently rolling and the till cover is due to the major topographical depression of the underlying bedrock (Fig. 16) . The uppermost till unit is composed of loose and massive sandy till ( Fig. 8 ) with fabrics and striae showing the glacial flow from the west. The till changes to bouldery and clast-supported till material (Fig. 17) resembling weathered crust under a depth of 1-2.5 m. The petrographic composition of angular boulders and other rock fragments is almost totally the same as in the underlying diabase. The bouldery surface of the lower till is the effective limit for till sampling.
Sihtuuna
The Sihtuuna area was interesting because the ridge morphology perpendicular to the latest glacial flow re- sembles Rogen moraines (Fig. 18 ). An assemblage was named the Sihtuuna moraine by Aario et al. (1995) . The Sihtuuna assemblage covers about 10 km 2 but separate ridges are relatively small in scale; several hundreds of meters long, some tens of meters wide and 3-5 m high. The ridges are composed of several stratigraphical units (Fig. 8) . On the bottom is a bluish grey till unit with a consolidated, sandy or fine-grained matrix. It is massive in structure and the pebble orientation shows glacial flow from the northwest. Round pebbles with a large variation of petrographic composition indicate a distant source for debris.
The stratified sand deposit with planar bedding or small-scale cross-lamination exists above the bottommost till unit (Fig. 19) . For example, in test pit M124 (Fig. 18) beddings gently dip to the east (80°; dip 5°-10°) or the northeast (50°; dip 15°). The sand deposit is 1-2 m thick and has been observed in many test pits. Stones are rare although some drop stones exist in the upper parts of the sediment unit. The uppermost part of the sand deposit is glacially deformed and includes, for example, glaciotectonic shear planes and faults that have been affected by the glacier.
The second till unit follows sands in succession. The matrix of this till unit is sandy or even gravelly, although the composition and structure are heterogeneous; many sandy lenses and layers together with fine-grained laminae occur (Fig. 20) . The lenses and layers typically include glaciotectonic deformation structures like shear planes and faults. Some thicker lenses include bagged features, which are similar to involution structures caused by cryoturbation (Fig. 21) . These features are typically formed under periglacial conditions (cf. Lagerbäck, 1988b) . They cannot have formed after the Late Weichselian, because the area was submerged thousands of years after deglaciation. Also, during the Holocene the climate did not favor the formation of those structures. In the upper parts of the second till unit has a gravelly, stratified sediment layer or gravelly, pebble rich till material that was found in many test pits.
The composition of the uppermost part of the ridges, from the depth 1-1.5 m to top, is gravelly and heterogeneous in its structure (Fig. 19) . In places, till is hard to distinguish from the shore deposits. Material can be classified as till when it is debris-supported and has features like fine-grained laminae, shear planes and faults as a marker of glaciotectonic deformation. If material is gravelly, massive in structure and mainly clast-supported, it can be the shore deposit of the later Ancylus Lake. The great amount of local boulders both in the uppermost unit and at the surface is a reminder of relation to ribbed moraines. Cross-sections through the ridges prove that the Sihtuuna moraines are depositional formations, not push or squeeze forms. Structures and beddings in the sedimentary units and upper tills evenly follow the outer ridge form. Due to the sandy or even gravelly matrix of upper tills with sandy lenses and intermediate layers, one of the sources must have been stratified sediment. Since the formation process of ribbed moraines favors quarrying (cf. Aario & Peuraniemi, 1992; Sarala & Rossi, 1998 , the sandy material in upper tills is mostly a result of redeposition of sediments between the ridges. Part of the sandy lenses and layers may also have been deposited because of the melt-waters and mass-flow of sediments existing during formation (cf. Aario et al., 1997) . Due to the lack of relation with drumlins or drumlinized elements and the more narrow and lower shape, Sihtuuna moraine ridges cannot be directly compared with Rogen moraines, but the description is suitable for minor ribbed moraines (cf. Hätterstrand, 1997). 
Korttelivaara
The Korttelivaara test site is the only one situated on the Archean Granite Gneiss area (Fig. 22) . The distance to the Peräpohja Schist Belt is about five kilometers towards the last glacial flow direction. The surface of the bedrock is gently undulating and the overlying glaciogenic sediments form the cover moraine morphology.
Till stratigraphy is mostly composed of three till units (Fig. 8) of which the lower one is compact bluish grey, relatively clay-rich (7 %) till with far-travelled pebbles oriented from the northwest to the southeast (cf. Vammavaara and Sihtuuna site). The second till unit is compact grey sandy till with sandy lenses and laminae. Shear structures and faults are common in upper parts of the unit. Pebbles are rounded having great partition of rock types travelled far from the Peräpohja Schist Belt instead of local granites. As compactness and structures show, these tills were deposited mainly as a lodgement till. The third, sandy till is homogenous and loosely packed having rounded pebbles and boulders of which composition represents quite local bedrock composition. Clear fabric shows west-east orientation.
In the middle of the test site exists northeast-southwest oriented stratified sand deposit, which is almost totally till-covered (Fig. 23 ) except for the central areas, where there is only a thin layer of shore deposit of Ancylus Lake above the sands. The thickness of the deposit was at its highest about 4-5 meters (observation from the earlier percussion drilling done by GTK) but in the test pits 1-2 meters. Planar or gently gross beddings are sediment structures in deposit. In places sand deposits are exposed and can be followed in some sand pits on the northern and southern sides of the test site.
Quaternary lithostratigraphy and flow directions
Based on observations made from the test areas and the published data (cf. Kujansuu, 1967; Korpela, 1969; Mäkinen, 1979; Sutinen, 1992; Hirvas, 1991) , three till beds with two inter-till layers including organic material have been observed in southern Finnish Lapland (Fig. 24) . Lithostratigraphy, descriptions and formal names in the area of Peräpohjola are presented in Table 1 and their correlation in Table 2 . A whole stratigraphical sequence is proposed to name the Peräpohja Group.
Two observations of the lowest and oldest till bed, not found during the present study have been presented, one from Kauvonkangas, near the village of Tervola (Mäkinen, 1979) and another from Saarenkylä, of the centre of Rovaniemi (Sutinen, 1992) . The till, named the Saarenkylä Till (Sutinen, 1992) , is grey and very compact in structure and was deposited during the west-southwest glacial flow. The same direction is also seen in striations observed from the area and from western Lapland (Kujansuu 1967; Hirvas 1991) . The Saarenkylä Till was interpreted to be from the Saalian glaciation (Sutinen, 1992) . This correlates well with till stratigraphy from central Lapland (Till bed IV), where numerous observations of older till beds and inter-till layers have been identified (e.g. Hirvas & Nenonen, 1987; Hirvas, 1991; Helmens et al., 2000) . This area has repeatedly been the core area of glaciers.
Above Saarenkylä Till exist about 2 m thick Saarenkylä Gytja composed of organic gytja and silt (Sutinen, 1992) . Based on Pinus-and Betula-rich pollen content but rather low Alnus amount and the absent of Quercus, this gytja can be interpreted as Eemian or Early Weichselian deposit.
The second till bed, named the Kemijoki Till (Sutinen, 1992) , which in the present study occurs as the lowest till unit at the test sites at Korttelivaara, Sihtuuna and Vammavaara, is characteristically bluish grey in color. The very compact structure is due to the clay-rich matrix and overconsolidation caused by the glacial override. The amount of organic material is also high, because this till bed is the first one deposited after the Eemian interglacial and it includes, for example, bottom sediments from marine and lacustrine environments (cf. Iisalo, 1992 Iisalo, , 2003 . This till bed correlates with the so-called dark till (cf. Rainio & La- Fig. 24 . Generalized stratigraphy of the study area showing various lithofacies and their interpretation and correlation. Stratigraphy is a composition of observations made during present study and earlier presentations in the literature (e.g. Korpela, 1969; Mäkinen, 1979; Aario, 1990; Sutinen, 1992) . Arrows depict mean glacial flow direction in different till units.
hermo, 1984) and was at first time described by Korpela (1969) from the Kemijoki basin. Later, Aario & Forsström (1979) , Hirvas (1991) and Sutinen (1992) completed many observations of the till in southern Finnish Lapland. Sutinen (1992) interpreted the Kemijoki Till to be deposited during the Early Weichselian glaciation, when the margin of ice sheet reached only to the Pudasjärvi area. The general flow direction during this glacial advance was to the southeast. Also Ber & Kujansuu (1974) , Mäkin-en (1979) and Hirvas (1991) presented this till bed as the first Weichselian till bed in the area.
Afterwards, the climate became somewhat warmer and the ice melted away from the Peräpohjola area. Korpela (1969) described fine-grained sediment units and organic layers of Peräpohjola Interstadial above the Kemijoki Till to be in situ. Some observations, in which the deposits are also interpreted to be in situ, have been done from the central Lapland (Hirvas & Nenonen, 1987; Helmens et al., 2000) . The sand deposit called the Sihtuuna Sands within the Sihtuuna moraine ridges can be interpreted to be an interstadial deposit based on the glaciotectonic faults and shear structures at surficial parts of the sands as a mark of glacial re-advance and the existence of periglacial involution structures in the redeposited sand lenses and layers.
The third till bed, Tervola Till, is composed of three till units (till members) (Fig. 25) . A lower till member, Vammavaara Till, is grey, compact sandy till having well-developed fabric towards the southeast or the east. Sandy layers and laminae with shear structures in the surficial parts indicate deposition as lodgement till. The second till member, Petäjävaara Till, existing only in the upper part of the ribbed moraine ridges (Fig. 25) , has a characteristically rough (often gravelly) matrix, including large boulders and is composed of material that was transported only a very short distance. Fine-grained or sandy layers and lenses with shear structures are also typical. Stones and boulders are more angular than beneath and their rock types reflect the composition of underlying bedrock. Also, in the fine fractions of till local phenomena is characteristic, which is seen in till geochemistry and heavy mineralogy as for example, high gold and copper concentrations on a distal side of the mineralized bedrock (cf. Peuraniemi, 1982; Sarala & Rossi, 1998 . The number of large boulders increases upward and the surface of ridges is strewn with them. For example, in the Sihtuuna moraine area the phenomenon is distinct, although all the properties described above are common throughout the ribbed moraine area in southern Finnish Lapland.
The third uppermost till member, Korttelivaara Till, is very variable of its structures and composition. In places it has quite homogenous structure and rock fragments represents local bedrock composition, but commonly it consists great amounts of stratified sediments as lenses and layers, also convolution and shear structures are common reflecting deposition as melt-out or flow tills. Relative long transport of rock material can also be typical for this till. One reason for great variation is that at the end of deglaciation, the presence of the water body of Ancylus Lake caused the till material released from the melting ice to be deposited as waterlain till or as washed sediments above earlier deposits. Also, some stratified sands and fine-grained sediments were deposited. As the water level went down due to isostatic uplift and later, as the channel to the North Sea was opened in the south, shore plains with washed boulder fields formed on the slope of hills and the layers of massive shore deposits or stratified sediments called as the Suolijoki Formation were deposited on a lower level. For that reason the surface of morainic landscape was commonly covered with washed shore deposits in south-western Finnish Lapland.
The relation of glacial morphology to glacial dynamics
Glacial erosion was strong in the area of active ice lobes during the last glaciations in southern Finnish Lapland. In large areas, older glaciogenic deposits and bedrock surface were intensively worn out and the thickness of overburden is low. Variable bedrock composition influenced glacial erosion in relatively wide areas, resulting in the low bedrock relief. Only higher hill areas composed mainly of quartzites, formed obstacles to glacial flow and river basins, large fracture zones and other topographic depressions were reservations for sedimentary sequences. Glacial morphology older than the Late Weichselian was also protected from glacial erosion under the frozen bottom of glacier's core.
According to striae, till stratigraphy and the orientation of moraine landforms, only three glacial phases are identified in the area. Although, the observations of the Saarenkylä Till are minor, the southwestern stone fabrics indicate a more southern location of the ice divide during the deposition compared with the position of divide zones during the later glacial phases (Fig. 24) .
The Kemijoki Till represents the glacial phase when glaciers reached the level of southern Finnish Lapland and the older drumlin fields were formed with a north-northwest orientation. Older drumlin field with drumlins large in scale was preserved only under cold-bed conditions and later, beneath the Ranua interlobate in the area of Kemi and Ranua during the last deglaciation. In the areas of active ice lobes, the Kemijoki Till was preserved in river basins and under a shelter of bedrock elevations. A series of marginal formations from the town of Pudasjärvi to the northwest indicates a slow retreating rate and maybe oscillations during that deglaciation.
In this study, two observations have been made of the older, till-covered stratified sediments. At the Korttelivaara site, in the middle of a moraine hill, sand deposits (in Fig. 22) are part of the northeast-southwest oriented stratified formation of which Sarala (1997) has interpreted to be a part of marginal formation that has survived under later glacial advance and erosion between the bedrock hills. At the Sihtuuna site, the deepest parts of the minor ribbed moraine ridges are also composed of the Sihtuuna Sands. The sands can be followed through the central ridge area in southwest-northeast direction. Planar bedding and smallscale cross lamination gives an impression of a restful meltwater stream discharging into the deep waterbody. This formation is interpreted as a glaciofluvial delta, which was deposited during the short standstill of the glacier margin in its retreat stage (Fig. 26) . Lunkka & Gibbard (1996) have described a similar deltaic formation in southern Finland. Meltwaters flowed enor supraglacially rather than subglacially because the melt-water channels are not known to exist along the northwestern side of the Sihtuuna moraines. However, that area is poorly examined and it is possible that the till-covered eskers may exist.
Before the third glacial phase, ice-free, interstadial phase existed in southern Finnish Lapland. Climate favored peat and birch forest to grow although mean temperature was not high. Periglacial structures like ice-wedge casts and involution marks in old glaciofluvial or marginal formations (cf. Mäkinen, 1999) and in the surficial parts of the Kemijoki Till are the remnants of the cold phase at the end of interstadial. Since the formation of those structures requires a mean temperature of less than -5°C (cf. Lagerbäck, 1988b) , the ground was presumably totally frozen during the growth of next glacier.
The third glacial phase has had a major influence on formation of the present glacial morphology. The central areas of the glacier were cold-based and stagnant, preserving the old morphology. Marginal parts, especially during deglaciation were divided into the active lobes and passive interlobate areas ( Fig. 6 ; e.g. Aario & Forsström, 1979; Punkari, 1984) . Stream velocity in the active lobes was high, at least during the late stages of deglaciation as estimated by Kleman et al. (1997) and Arnold & Sharp (2002) . The moraine assemblage from the transversal ridges to streamlined formations developed. Particularly in the areas of the Kuusamo and Oulu ice lobes (in Fig. 6 ), an association of ribbed moraine-drumlin-fluting morphologies dominates (cf. Aario 1977b Aario , 1990 . The same type of formation assemblage also exists in the archipelago in western Finland (Breilin et al., 2004) .
During deglaciation, when the glacial margin was in the area of Karelia, Russia, ice lobes from Kuusamo and Oulu initially flowed parallel to each other from the west to the east (cf. Aario & Forsström, 1979) . As the melting phase progressed to the level of eastern Finland, the ice lobes began to separate. An interlobate zone existed from the village of Taivalkoski toward the west. The hill area surrounding Iso-Syöte (in Fig. 4) , on the northeastern side of the town of Pudasjärvi was a natural divide for ice lobes. After separation, the Oulu ice lobe continued to flow from west to east, but the Kuusamo ice lobe shifted the interlobate area and the flow direction was from the westnorthwest to the southeast. Later, the flow direction of the Kuusamo ice lobe developed so that in the area of Kemijärvi-Rovaniemi-Tervola it was from west to east and in western Finnish Lapland from the northwest. This development can be also followed in stone fabrics and esker directions. Some divergent fabrics and striae observations have been done in the study area, but they are mostly due to local variation of glacial flow direction, for example near the higher hills and valley basins.
The Ranua interlobate area between the active ice lobes was cold-based, stagnant and non-eroding. Sutinen (1992) presented many western fabrics at surficial parts of older drumlins, which are indicative of weak glacial flow at the latest phase of deglaciation. Also, some west-east oriented, streamlined features were found superimposed on drumlins and in places, the center of drumlins was distended on the eastern side. The movement and activity of the ice stream was insignificant to form its own morphology. Presumably, this interlobate area stayed passive to the end of deglaciation and just melted in place. The northern edge toward the Kuusamo ice lobe is sharp, which is clearly seen for example in the Portimojärvi area (in Fig. 4) where the younger ribbed moraine field cuts the older drumlin field. Only a few unique, northwest-southeast oriented drumlins or drumlinoids can be distinguished within the area of the ribbed moraines. On the southern edge, the interlobate complex continued through Taivalkoski and Pudasjärvi to the western coast.
Ice sheet and landform development and the age of glacial phases
As pointed out earlier, the organic inter-till layers have had a significant role when creating glacial chronology in northern Finland. But as reliable dating methods were not in use, the chronology was tied only to till stratigraphy and pollen composition (e.g. Hirvas, 1991; Helmens et al., 2000) . Instead, the use of glacial landforms and their associations as reconstructing glaciers behavior and ice sheet development has been minor (Sutinen, 1992) . For that reason the glacial morphology and glacial dynamics were put together with till stratigraphy and present chronological data to re-examine time-transgressive glacial history in southern Finnish Lapland and surrounding areas.
The hypothesis when modeling ice sheet and landform development was that the mass of glaciers was many times smaller during the Early Weichselian than later as latest estimations made by Siegert et al. (2001) , ), Fabel et al. (2002 , Fredin (2002) , Näslund et al. (2003) and Forsström (2004) point out. Fennoscandia was almost ice-free or only a little glaciated in mountain areas while greater glaciers existed elsewhere. For example, according to Svendsen et al. (1999) and Mangerud et al. (2001) , areas of northern Russia and the Barents Sea were largely ice-covered during oxygen isotope stage (OIS) 5b (95-85 ka) . During the Middle and Late Weichselian glaciations, the mass and extent of glaciers in those areas decreased but increased in the Fennoscandia area over time (Svendsen et al., 2004) . These estimations are important and prove that under different circumstances the mass, extent and behavior of glaciers around the Northern Hemisphere can vary significantly.
Another hypothesis was that even if the origin of organic, inter-till deposits was presented to be redeposited interglacial (Eemian) sediments (e.g. Forsström, 1991 Forsström, , 1995 Forsström & Punkari, 1997) , the contrary view for that is several observations of organic intermediate layers stratigraphically in a logical position in till sequences and sample profiles (Hirvas et al., 1977; Hirvas, 1991; Saarnisto et al., 1999; Helmens et al., 2000) . It is also worth noting that organic layers are usually very thin and probably represent only the deepest and oldest part of the deposits while the upper parts were eroded away.
Model 1
In the latest investigations (Helmens et al., 2000; Lunkka et al., 2004; Svendsen et al., 2004) , the first Weichselian glaciation that reached the area of northern Finland was interpreted to occur in OIS 5b. In the first phase (Fig.  27a) , the glacial margin advanced to southern Finnish Lapland, on the southern side of the town of Pudasjärvi, and the northwest-southeast oriented drumlin field and a series of marginal formation were deposited as presented by Sutinen (1992) . The drumlin field with same orientation can be followed as far as central Lapland, where unique forms or their relicts can be distinguished. The Peräpohjola Interstadial followed during the first interstadial at stage 5a (85-74 ka) and correlates with the Odderade Interstadial (cf. Nenonen, 1995; Lunkka et al. 2004) . During the second phase (Fig. 27b) , the Middle Weichselian glaciation advanced at least to southern Finland (cf. Svendsen et al., 2004) , but because evidence of the second interstadial is missing, this glaciation has continued to the end of the Late Weichselian without a break. The association of ribbed moraines, drumlins and flutings was thus formed during the last deglaciation.
During the earliest sub-stages of the Weichselian (e.g. 5c and 5d), the ice sheet probably did not cover northern Finland (cf. Svendsen et al., 2004) , so substages 5b and 5a may be the oldest phases when the Kemijoki Till and the following interstadial peat deposits could have been deposited. This is not in conflict with the observations made from southern Finnish Lapland. However, the observations of dark grey till in central and western Finland (may be correlative with the Kemijoki Till in southern Lapland) are problematic, because the till was interpreted have been deposited during the Early Weichselian sub-stage before interstadial deposits (Iisalo, 1992 (Iisalo, , 2003 Nenonen, 1992 Nenonen, , 1995 . If this is true, the first Weichselian glaciation must have reached much farther than the Pudasjärvi area or there may have been separate, western ice streams in the area of western Finland (cf. Lundqvist, 1992) (Fig. 27a) .
Model 2
Another interpretation can explain the chronology well, at least in the case of northern Finland. If the Early Weichselian glaciation (85-95 ka) was many times smaller than earlier thought, the glacier covered only the northernmost area of Finland (Fig. 28a) , but not southern Finnish Lapland (cf. Siegert et al., 2001; Fabel et al., 2002; Fredin, 2002; Näs-Fig. 27 . Model 1: The first interpretation of glacial morphological and stratigraphical development during the Weichselian in southern Finnish Lapland, a) Phase I, where the Early Weichselian glaciation advanced to the level of Oulainen and Pudasjärvi (cf. Lundqvist, 1992) . Glacial flow directions of ice streams are depicted as arrows. The glaciation was followed by the Peräpohjola Interstadial, b) Phase II, where the Middle Weichselian glaciation covered the whole of Finland and might be lasted to the end of Late Weichselian without a break. , 2003) . This is supported by the observations from middle and eastern Finnish Lapland where three Weichselian till beds can only be found in the same sections (Sutinen, 1992 and reference within; Johansson, 1995; Helmens et al., 2000) . It was not until the Middle Weichselian (OIS 4), when the glacier initially advanced to southern Finnish Lapland and might have covered the whole of Finland, too (Fig. 28b) . The till that was deposited during that glaciation was the Kemijoki Till in southern Lapland and northwestsoutheast drumlin field was also formed.
The ice-free period would have lasted 40 000-50 000 years after the Eemian interglacial if not counting northernmost Finnish Lapland. This time scale should be enough for the isostatic uplift to reach a normal, balanced stage after the Saalian glaciation and as a result, the bottom of the Bothnian Sea could have been at a higher level, maybe 90-100 m higher than present (cf. Nenonen, 1995) . That is why the hydrography throughout the central and northern Finland has been different compared with the Holocene period. Afterwards, a lot of the sulphide rich, fine-grained sediments were easily eroded away during the subsequent glaciation. This explains the high concentration of sulphur and the large amount of clays and organic matter in the Kemijoki Till.
The Middle Weichselian glaciation lasted only 15 000-20 000 years and a series of marginal formations from Pudasjärvi towards to northwest formed during the melting phase of that ice sheet. The ice-free period began about 50-55 ka ago and may have lasted up to 30-25 ka ago as Lunkka et al. (2001) and Svend- Sutinen, 1992) , Peräpohjola Interstadial (Korpela, 1969) and the glacial/ interstadial phases observed in Sokli (Helmens et al., 2000) ) used in the correlation have also been presented. (Punning & Raukas, 1983; Hütt et al., 1984; Nenonen, 1995; cf. also Forsström & Punkari, 1997) . The latest TL (37 ± 0.5 ka -55 ka) and OSL (41 ± 2 ka -66 ± 5 ka) ages (Mäki-nen, pers. commun. 2005 ) also support that phenomenon. Furthermore, the age determinations of mammoth and reindeer bones from southern Finland and even from southern Finnish Lapland have proven that Finland might have been ice-free even at the end of Middle Weichselian (Ukkonen et al., 1999; Lunkka et al., 2001; Lõugas et al., 2002) . According to this evidence, the last glacial advance was estimated to have begun about 25-30 ka ago in Finnish Lapland Svendsen et al., 2004) .
The thought of an ice-free stage during that time is unavoidable given the re-examination of 14 C ages clustering around 40-55 ka, even if there is a great uncertainty among radiocarbon ages older than 40 ka (cf. Nenonen, 1995 and the references within; Kitagawa & van der Plicht, 1998) . However, in the latest studies the accuracy of radiocarbon method has been proved to be good in the sections older than 50 000 years BP (Voelker et al., 2000; Hughen et al., 2004; Fairbanks et al., 2005) . Model 2 gives a possibility for these ages to be correct (Fig. 29, interpretation 2) . If the lowermost parts of the interstadial deposits are only remaining, 14 C age estimations over 40 ka could be correlated with the beginning of the Middle Weichselian warm stage and correspond with the ages of the mammoth and reindeer bones.
In Model 2, the Kemijoki Till observed as far as southern Finland was deposited during the Middle Weichselian glaciation before the interstadial. Variation of stone fabrics in this till bed is followed by the separation of the ice margin by the ice lobes in the same way as during the latest deglaciation. Till-covered, marginal formations in Pudasjärvi and to the northwest were deposited during the melting stage of the Middle Weichselian glaciation. Marginal formations in southern Finland might have eroded away during the Late Weichselian glacial advance or they were not observed because of till cover or their occurrence in relation to younger, marginal formations. Furthermore, if southern Finland was glaciated for the first time during the Middle Weichselian, organic material from the Early Weichselian (occurring as intermediate layers between till units in Ostrobothnia) is probably a result of redeposition.
Model 2 can be also correlated with observations made from northern Sweden (e.g. Lagerbäck, 1988a, b; Lagerbäck & Robertsson, 1988; Lundqvist, 1992) , where two interstadials were interpreted. However, as Robertsson & García Ambrosiani (1988) and García Ambrosiani & Robertsson (1992) have presented, only one inter-till (interstadial) bed interpreted to be of Early or Middle Weichselian age existed in the coastal area of eastern Sweden. If compared to the latest estimations of ice sheet extents during the Weichselian, the Early Weichselian glaciation was also small in Sweden and probably existed only in the northernmost or western areas. Thus, the glacial history of eastern Sweden can also be correlative with the model presented here. As well, the Tärendö Interstadial presented by Lagerbäck & Robertsson (1988) in northeastern Norrbotten might be comparable with the Middle Weichselian Interstadial during OIS 3.
Conclusions
The area of southern Finnish Lapland is situated close to the central areas of the former glaciations. Quaternary lithostratigraphy of the area is proposed to call as the Peräpohja Group which is composed of three till beds and two inter-till, stratified minerogenic sediment layers containing in many places organic material. The Saarenkylä Till dates back to the Saalian glaciation and the lower organic sediment deposit named as Saarenkylä Gytja represents the Eemian interglacial. The other till beds, the Kemijoki Till and the Tervola Till with till members of the Vammavaara Till, Petäjävaara Till and Korttelivaara Till are deposits of the Weichselian glaciation. The second organic inter-till deposit in between the Kemijoki Till and the Tervola Till, indicate an ice-free phase called as the Peräpohjola Interstadial from the Weichselian glaciation. The Sihtuuna Sands within the Sihtuuna moraine ridges can be compared with that interstadial phase. The gravelly and sandy shore deposits at the surficial parts of moraine surface represent proglacial Ancylus Lake stage and are named the Suolijoki Formation.
Glacial morphology depicts two active, Weichselian glacial advances with good indications of glacial flow directions. An older glacial phase with northwestsoutheast orientation is seen as a drumlin field that was preserved under the cold-based, Ranua interlobate area. The ribbed moraine-drumlin-fluting assemblage correlates with the Late Weichselian glaciation and represents a younger glacial phase indicating ice lobe flow patterns and dynamics during deglaciation.
According to the development of the Weichselian glacial morphology and stratigraphy and correlation with present available chronological data, two models have been constructed:
1. In the first model, the Kemijoki Till and the northwest-southeast oriented drumlin field were deposited during the initial glacial phase occurred during the Early Weichselian. The Peräpohjola Till and the west-east oriented ribbed moraine-drumlin-fluting assemblage represent the second glacial phase from the beginning of the Middle Weichselian to the end of the Late Weichselian. The interstadial phase occurred at the end of the Early Weichselian.
2. In the second model, the first Weichselian glacial advance was quite modest in extent and covered only the area of northern Finland. It was not until the Middle Weichselian when the glacier reached southern Finnish Lapland for the first time. If so, the first warmer stage (interstadial) was at the end of Middle Weichselian, meaning that TL and OSL ages and most of the 14 C age estimations about 40 ka and somewhat older may be correct. Finally, the interstadial was followed by the relatively short but very intensive and large Late Weichselian glaciation.
